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The elastic modulus of different hypercholesterolemic animal tendons has been reported to decrease (6) or increase (7); and, furthermore, in mice fed with a high-fat diet (HFD), tendon modulus has been reported to decrease (11) , while deformation as well as strain of collagen fibrils have been reported to increase in obese rats (9) . Thus the results are not only sparse and conflicting, but most studies are performed on weight-bearing tissue, which makes it difficult to separate the potential influence of metabolic deterioration from that of mechanical loading, especially with increased body weight as in obesity.
The collagen fibril is the fundamental tensile-bearing structure in tendon tissue and is made up of collagen molecules linked together by cross-links. These bonds provide structural integrity to the fibrils and ensure optimal force transmission (3, 4, 19) . The two general types of cross-links, one enzymatically controlled by lysyl oxidase during maturation and the other with a nonenzymatic glycation mechanism, may potentially be controlled differently by tendon loading and metabolic disorders (3, 20, 40) . Whereas the enzymatic cross-link expression is demonstrated to be upregulated with increased mechanical loading (31) and downregulated with decreased loading (10), the nonenzymatic and irreversible formation of covalent advanced glycation end products (AGEs) via the Maillard reaction is influenced by age (3-5, 15, 40, 41) and dietary intake (55) .
It is still unknown whether hypercholesterolemia and obesity affect mechanical properties of tendon directly systemically via a metabolic effect independent of mechanical loading. Furthermore, while obesity and hypercholesterolemia individually affect tendon mechanical properties, it is unknown whether there is any additive effect of the two and whether this effect is mediated by changes in AGEs as has been suggested (54) . In this study, non-weight-bearing tail fascicles from apolipoprotein E-deficient (ApoE Ϫ/Ϫ ) mice, on a normal diet (ND) and HFD, gave us the opportunity to observe the systemic effects of hypercholesterolemia and diet-induced obesity on collagen mechanical properties and AGEs [methylglyoxal-derived hydroimidazolone 1 (MG-H1), carboxymethyllysine (CML), carboxyethyllysine (CEL), and pentosidine]. We hypothesized that ApoE deficiency and HFD would result in increased cholesterol levels and augment the accumulation of AGEs (54) . Furthermore, we expected an association between higher AGE cross-link content and increased elastic modulus. The purpose of the present study was, therefore, to investigate the effect of ApoE deficiency and HFD on the mechanical properties and collagen cross-linking of mouse tail tendon fascicles.
MATERIALS AND METHODS

Mouse model. Homozygous ApoE
Ϫ/Ϫ male mice (B6.129P2-Apoe tm1Unc N11, Taconic Europe, Lille Skensved, Denmark) were used as a model for hypercholesterolemia (n ϭ 20) along with wild-type (WT) mice (C57BL/6Ntac) functioning as controls (n ϭ 26). Mice were obtained at 8 wk of age, at which point one-half of the mice from each group was fed an ad libitum HFD (protein, 17 kcal%; carbohydrate, 43 kcal%; fat, 41 kcal%; Western Diet, #D12079B, Research Diets, New Brunswick, NJ) to induce obesity, and the rest were fed ad libitum ND (protein, 27 kcal%; carbohydrate, 60 kcal%; fat, 13 kcal%; #1310, Altromin Spezialfutter & KG, Germany). Mice were killed at 40 wk of age by decapitation after having fasted overnight and being anesthetized for a period of 4 h. The blood was collected and centrifuged (3,200 rpm for 10 min), and plasma was transferred to a fresh tube and stored at Ϫ20°C. Finally, the tails were removed at the base and stored at Ϫ20°C.
Mouse tails were obtained from a previously published study on atherosclerosis (27) , where a more detailed description of the experimental model is available. All care and all experimental procedures were performed under the approval of the Animal Experiments Inspectorate in Denmark (permit number 2011/561-14). All efforts were made to minimize suffering (27) . Three HFD mice and one ND mouse were not included in the present study, resulting in minor differences in baseline characteristics.
Mechanical test specimens. Tails were thawed and cut ϳ20 mm from the distal end and 10 mm from the proximal end. Single collagen fascicles were teased out from the distal end with fine tweezers (diameter ϭ 60 -140 m, length ϭ 50 -60 mm). Only fascicles from the ventral bundles were isolated. Segments of 30-mm length were prepared, to allow a test length of 20 mm while keeping 5 mm at both ends for clamping of the specimen. Specimens from the distal or proximal part of the tail fascicle were selected randomly, because a previous study has shown no differences in the mechanical properties along the fascicle length (17) . For AGE analysis (see later) multiple tendon fascicles (5 mg dry weight) were isolated and freeze dried.
Instrumentation. The mechanical testing rig (200-N tensile stage, petri dish version; Deben, Suffolk, UK) consisted of a load cell, a specimen chamber, and a motorized linear variable displacement transducer measuring displacement at a predetermined velocity. Force and deformation were simultaneously sampled at 10 Hz by an analogto-digital converter (DEBEN microtest tensile controller). To obtain images for measurement of diameter and initial clamp distance, recordings of the fascicles were performed with a stereoscopic microscope (SMZ1000; Nikon, Tokyo, Japan) equipped with a 15-Hz digital camera (DFW-X700; Sony, Tokyo, Japan).
Mechanical testing procedure. Approximately 5 mm at each end of the test specimen were allowed to air dry at room temperature. Gauze soaked in PBS (Dulbecco) was used to keep the central part moist during preparations. The dried ends were glued in-between the surface of aluminum clamps and an aluminum disc using cyanoacrylate glue (Loctite Super Glue, Henkel Norden, Ballerup, Denmark). The glue was allowed to cure for at least 30 min, after which the specimen was submerged in a petri dish with PBS solution and the clamps were mounted on the mechanical testing rig.
Initial clamp distance was measured under a microscope. The specimen was stretched until the first detectable rise in force, at which point the diameter was recorded. Microscope images were obtained with an 8ϫ objective (4 m/pixel) at three sites along the test specimen. In addition, images of the same three sites were recorded through a 45°-inclined mirror to account for noncircularity of the fascicles. The specimen was then tested to failure at a constant rate of 2 mm/min (10% strain/min), and the breaking location was noted (end, middle). Three specimens were tested for each mouse tail. A more detailed description of the instrumentation and the mechanical testing procedure is available in previous publications (29, 30) .
AGE analysis. Each tendon sample was incubated in 1 ml of 1 M NaCl at 4°C for 24 h with at least one fluid exchange. After removal of NaCl, the tendon samples were incubated in 1 ml of 0.5 M acetic acid at 4°C for 24 h with one fluid exchange. The acetic acid was removed and the tendon samples were incubated with 1 ml of chloroform-methanol (2:1 vol/vol) at 4°C for 24 h with one fluid exchange (18) . After removal of the organic solvent, the tendon samples were dried under a gentle stream of nitrogen at room temperature. To avoid AGE formation during hydrolysis, samples were reduced with 0.2 ml of 0.1 M NaBH 4 in 0.2 M borate buffer (pH 9.2) for 2 h at room temperature. The reduced samples were deproteinized in 1 ml of cold (4°C) 20% (vol/vol) trifluoracetic acid and centrifuged at 4,300 g, 4°C for 20 min, and the supernatant was discarded. The remaining pellets were hydrolyzed in 0.5 ml of 6 M HCl. From each hydrolysate, 40 l were taken and mixed with 20 l of internal standard before analysis. CML, CEL, and MG-H1 were analyzed by ultraperformance liquid chromatography tandem mass spectrometry (UPLC-MS/MS) while pentosidine was analyzed using HPLC fluorescence as described earlier (28, 47) . Hydroxyproline (hyp) was analyzed by UPLC-MS/MS. In short, a dilution of the hydrolysate was mixed with internal standard trans-4-hydroxy-Lproline-2,5,5-d3 (D3-hyp) and dried under a gentle stream of nitrogen at 70°C. The residue was dissolved in 1 ml of water-acetonitrile (1:9, vol/vol) and injected onto a hydrophilic interaction chromatography (HILIC) UPLC column (Acquity UPLC BEH HILIC, 1.7 m, 2.1 ϫ 50 mm). Solvent A was 10 mM ammonium formate-acetonitrile (1:9, vol/vol) and Solvent B was 10 mM ammonium formate-acetonitrile (5:5, vol/vol). A linear gradient was started at 95% Solvent A, which was changed to 60% Solvent A within 2 min. After the column with 100% Solvent B was cleaned for 1.5 min, the column was equilibrated for 4 min to the initial conditions. Injection volume was 0.2 l (partial loop injection) at a column temperature of 45°C. Hyp and D3-hyp were detected in multiple-reaction monitoring electrospray positive mode (MRM-ESI) at a capillary voltage of 0.25 kV, a cone voltage of 25 V, and a desolvation temperature of 600°C (Acquity UPLC, Xevo TQ MS; Waters, Milford, MA). Quantization of hyp was performed by calculating the peak area ratio of hyp (MRM, 132.0 Ͼ 86.0) to the internal standard D3-hyp (MRM, 135.0 Ͼ 89.0). The levels of AGEs were expressed as nanomoles of AGE per millimole hyp.
Except for the initial salt, acid, and chloroform extraction, diet samples were analyzed by the same protocol as the tissue samples, starting with NaBH4 reduction. AGE levels in three ND and three HFD samples were analyzed as described earlier (expressed as nmol/g).
Plasma measurements. Cholesterol measurements were performed in duplicate with a standard kit (Cholesterol Chod-Pap; Roche Diagnostics, Germany). A more detailed description is available in a previous publication (27) . Glucose measurements were done on 2 l plasma with MediSense Precision PCx Plus (hand-held monitor and blood glucose test strips) (Abbott Laboratories, UK) using the venous mode of the monitor. A single fasted blood sample was taken from each mouse on the day of death (40 wk) .
Data reduction and analysis. Fascicle diameter measurement was performed in Scion Image (v.3b; Scion, MD) at two locations in each of the six images recorded. Cross-sectional area (CSA) was calculated as an ellipse using the diameters of corresponding top-view images and side-view mirror images. The average CSA was calculated as the mean of these six measures. CSA differed along the length of the test specimen with a coefficient of variation (CV) ranging between 2.3% and 23.1% (average CV ϭ 11.1%). Clamp distance was also measured using Scion Image.
Fascicle stress was calculated as tensile force (N) divided by CSA. Initial length of the fascicle (L 0) was determined as the clamp distance at stress 0.5 MPa, and was denoted the "onset position." Strain was calculated as deformation beyond the onset position (⌬L) divided by L 0 and expressed as a percentage.
The stress-strain curves obtained had a characteristic appearance (Fig. 1) . The modulus (slope) at each point of the curve was calculated by linear regression over 35 data points (17 behind, 17 ahead, ϳ0.6% strain), and from this the maximal modulus (peak slope) was determined. Another modulus (plateau modulus) was determined by linear regression over the entire third linear phase (plateau), which was manually selected by the blinded investigator. Two yield points were defined as the points where the local modulus had dropped below 75% (yield 1) and 40% (yield 2) of maximal modulus. Stress and strain were obtained at the yield points and at the failure point (maximal stress and strain). To give a combined measure for the average slope of the stress-strain curve, total modulus was determined as maximal stress divided by maximal strain. Finally, failure energy density was determined as the area under the stress-strain curve up to failure. All data reduction and analysis was performed in Microsoft Excel for Windows (Microsoft, Redmond, WA).
The investigator performing the preparation of the test specimen, the mechanical testing, and data reduction was blinded to the genetic and dietary background of the mice.
Statistical analysis. Mean values of the three fascicles from each mouse were used for statistical analysis. The effects of ApoE Ϫ/Ϫ and HFD were analyzed by two-way ANOVA using SAS statistical software (SAS 9.2; SAS Institute, Cary, NC). Tukey-Kramer adjustment was used for multiple comparisons in post hoc tests. The difference in diet AGE content was analyzed by Student's t-test. Spearman rank-order correlation was used to analyze the within-group relationship between mechanical parameters and weight, plasma cholesterol, or tissue AGEs (CML, CEL, MG-H1, and pentosidine). Group differences were removed by subtracting the group mean. The level of significance was set to P Ͻ 0.05. Results are reported as means Ϯ SE unless otherwise noted.
RESULTS
Baseline characteristics. ApoE
Ϫ/Ϫ mice had significantly elevated plasma cholesterol levels compared with WT mice (P Ͻ 0.05). HFD mice were significantly heavier than ND mice (P Ͻ 0.0001) and also had significantly elevated plasma cholesterol levels (P Ͻ 0.05). An interaction was observed between genotype and diet on plasma cholesterol as HFD and ApoE Ϫ/Ϫ displayed a synergistic effect (P Ͻ 0.0001). Plasma glucose concentration was significantly lower in ApoE Ϫ/Ϫ mice compared with controls (10.5 Ϯ 0.5 mM vs. 14.6 Ϯ 1.1 mM, P Ͻ 0.05; Table 1 ).
Diet. The HFD had a significantly lower content of CML (P Ͻ 0.01), CEL (P Ͻ 0.005), and MG-H1 (P Ͻ 0.05) compared with the ND (Fig. 2) . Fig. 4 ). No interactions were observed in any mechanical parameters.
Fascicles broke near to the clamps (end breakage) in 50% (71/141) of the tests. No differences were observed between groups, but end breakage was associated with decreased maximal strain (P Ͻ 0.05) and failure energy (P Ͻ 0.05).
Advanced glycation end products. Tendon samples of HFD mice had significantly decreased concentrations of CML (P Ͻ 0.0001), MG-H1 (P Ͻ 0.005), and pentosidine (P Ͻ 0.0005). CEL was unaffected by diet. None of the AGEs were affected by ApoE deficiency (Table 1) .
Correlations. There was a positive within-group correlation between weight and maximum stress (r 2 ϭ 0.19, P Ͻ 0.01), yield 1 stress (r 2 ϭ 0.12, P Ͻ 0.05), yield 2 stress (r 2 ϭ 0.17, P Ͻ 0.05), and failure energy (r 2 ϭ 0.18, P Ͻ 0.01) (Fig. 3) . Plasma cholesterol did not correlate significantly with any mechanical parameters, or with weight, or with any of the AGEs. CML correlated negatively with yield 1 strain (r 2 ϭ 0.18, P Ͻ 0.005) and yield 2 strain (r 2 ϭ 0.20, P Ͻ 0.005). Finally, pentosidine also correlated negatively with total modulus within groups (r 2 ϭ 0.11, P Ͻ 0.05). No other correlations were found with any of the AGEs.
DISCUSSION
This study is, to the best of our knowledge, the first study to investigate the systemic effects of apolipoprotein E deficiency (ApoE Ϫ/Ϫ ) and HFD on the mechanical properties of tendon. It was found that both conditions significantly altered the mechanical behavior of mice tail tendon fascicles, although, surprisingly, in opposite directions. ApoE Ϫ/Ϫ mice displayed an increased plateau modulus, total modulus (P ϭ 0.07), and yield point strains compared with WT mice (Table 2 and Fig.  4A ). The HFD yielded the reverse effect, with decreased plateau modulus and total modulus compared with mice eating the normal diet (ND) ( Table 2 and Fig. 4, C and D) . Together, these results suggest a stiffening of the connective tissue with ApoE deficiency and a softening with HFD. We also found reduced AGE density (CML, pentosidine, and MG-H1) in tendons of HFD compared with ND mice (Table  1) , which could be related to a higher AGE concentration in the ND (manufactured with heating) compared with the HFD (Fig. 2) .
Mechanical changes were mainly observed in the region of plastic deformation, i.e., where tissue damage takes place, and these loading magnitudes are unlikely to be reached during normal loading. However, the occurrence of a tendinopathy is believed to involve microruptures where the tissue is locally loaded to failure. Therefore, changes that influence the properties in the plastic region may well be an important factor affecting the development of a tendinopathy (36) .
Diet. Over the past decades there has been increasing focus on metabolic factors as contributors to tendon pathology. Based on epidemiological and clinical case-control studies, obesity has been proposed as a risk factor for developing tendon pathology, independent of the increased mechanical loading associated with obesity (24, 25) . Mechanical changes of weight-bearing tendons have been reported in obese animal models. Biancalana et al. (9) found increased maximal strain of the deep digital flexor tendon in obese leptin receptor deficient rats. This occurred primarily in the plateau region of the stress-strain curves. Total modulus was not reported in that study, but, when trying to calculate this parameter from the data provided (maximum stress divided by maximum strain), there was an 8% decrease in total modulus in obese rats (obese: 938 MPa vs. lean: 1,024 MPa) compared with a 13% decrease in the present study. Supporting these findings, another study also found decreased modulus in the Achilles tendon of mice fed with a HFD (11) . In the present study, we found almost similar results, a softening of the tail tendons in HFD mice compared with ND mice. To elucidate a possible cause of the group differences, we looked at within-group correlations to the mechanical parameters. Positive correlations were found between weight and stress values (maximum, yield 1 and yield 2) within the groups. The positive correlations suggest that it is not the increased weight in the HFD group per se that causes the softening (if anything, it may counteract softening). Because the tendon stress related values all depend on the measured fascicle CSA, there was a risk that the correlation to weight was driven by changes in tendon CSA. However, tendon CSA did not correlate to any of the tendon stress parameters or to weight. It should be noted that correlations to modulus parameters were also positive, although not significant (P ϭ 0.09, P ϭ 0.1, P ϭ 0.4 for maximum, plateau, and total modulus, respectively).
Interestingly, we found a reduced AGE density (CML, pentosidine, and MG-H1) in the tail tendons of HFD mice. The ability of AGEs to affect mechanical properties was somewhat supported by the negative within-group correlation between the AGE adduct CML and yield strains, suggesting a reduced compliance. Conversely, the AGE cross-link pentosidine correlated negatively with total modulus, suggesting an increased compliance, and the remaining AGEs did not display any significant correlation to mechanical properties. Therefore, the relation between tissue AGEs and mechanical properties remains inconclusive.
It is unclear why the HFD mice would display lower AGE concentrations in their tail tendons, since obesity is known to be associated with decreased glucose tolerance, hyperglycemia, and AGE accumulation (21) . Analyzes of the AGE content in the diet showed that the HFD contained significantly fewer AGEs than the normal diet (Fig. 2) . The reason for this difference is likely related to lower carbohydrate (sugar) content in the HFD and the processing of the diet. The normal diet used in the present study is heated during production, and heating is known to increase AGE formation in foods via the so-called Maillard reaction (37, 51) . A fraction of dietary AGEs may enter the bloodstream and bind to matrix proteins (fibronectin) via glycation intermediates (34) , thereby being incorporated into tissue, and in rats it has recently been demonstrated that a high dietary AGE content resulted in higher AGE concentrations in tail tendons and other organs (heart) in rats (45) . The accumulation of AGEs in tail tendons was, in a separate study, associated with increased tissue stiffness (26) .
In addition to a direct effect of dietary AGEs, high diet AGE content has been shown to induce oxidative stress resembling that of metabolic disease such as insulin resistance and diabetes (14, 46) . The oxidative stress induces an inflammatory cascade, which can again increase AGE formation and tissue crosslinking (44, 48, 55, 56) .
Thus, it is possible that high diet fat content per se is less important in the aging process. In contrast, the low dietary AGE content in the HFD may have been protective in relation to collagen cross-linking and tissue aging, whereas the high AGE content in the ND exerted an aging effect on the tissue (4, 13, 46) . It is a topic of debate whether increased or decreased tissue compliance is detrimental to tendon function. Both could serve as potential risk factors either because of biomechanical instability (compliant tissue) or higher stress and/or increased brittleness. It is possible that there is a natural optimum compliance from which changes in either direction may lead to development of tendinopathy.
Immobilization is also known to cause decreased stiffness of tendon tissue, but only in weight-bearing tendons (16, 39) . If physical inactivity has a systemic effect on tendon tissue, the decreased modulus observed in the obese mice in our study may be explained by a decreased physical activity level. The spontaneous physical activity of the mice was, unfortunately, not monitored in the present study.
ApoE deficiency. Hypercholesterolemia affects millions of people worldwide. Besides having an elevated risk of cardiovascular disease, hypercholesterolemic individuals may also be more prone to tendon overuse disease (23, 38, 58) . Clinical studies have shown associations between elevated serum cholesterol and Achilles tendinopathy (23), Achilles tendon rupture (38, 43) , and rotator cuff tendon tears (2, 58) . The mechanical properties of tendons in hypercholesterolemic individuals are, however, sparsely investigated.
Another research group has recently found decreased maximal modulus in the patellar tendon of ApoE Ϫ/Ϫ mice (6) and increased maximal modulus in the supraspinatus tendon of ApoE Ϫ/Ϫ mice, as well as in hypercholesterolemic rats and monkeys (7) . However, in ApoE deficiency, it remains unknown whether weight-bearing tendons respond differently from non-weight-bearing tendons.
The present study, performed on non-weight-bearing tendon fascicles, showed no differences in maximal modulus but an increase in modulus in the plateau region of the stress-strain curve. These data suggest a stiffening of the collagen tissue in the ApoE Ϫ/Ϫ mice. The synergistic effect (statistical interaction) of ApoE Ϫ/Ϫ and HFD on cholesterol was not observed for the mechanical parameters, but, in contrast, ApoE Ϫ/Ϫ and HFD mice showed opposing trends. Furthermore, no correlation was seen between cholesterol and any of the mechanical parameters, suggesting that plasma cholesterol per se was not an important explanation of the mechanical behavior in the ApoE Ϫ/Ϫ mice. Lack of the ApoE gene in itself may, independent of the cholesterol level, affect the mechanical behavior because of abnormal lipid deposition in the tendons (53) , as in the Achilles tendon of patients with familial hypercholesterolemia (LDL receptor deficiency) (52 tory reaction (50) . The process may eventually lead to fibrous degeneration and stiffening of collagen tissue in ApoE Ϫ/Ϫ mice (57). Although ApoE Ϫ/Ϫ mice develop atherosclerosis, they do not accumulate fat in the liver and adipose tissue, and this may result in higher insulin sensitivity and reduced blood glucose levels (32) . In accordance with this, the ApoE Ϫ/Ϫ mice in our study demonstrated reduced blood glucose levels compared with WT mice, suggesting better glucose control. This is somewhat surprising in light of our mechanical data, because improved glucose control is assumed to protect against formation of tissue AGEs. However, there was no correlation between any of the measured AGEs in tail tendon and blood glucose, indicating that the difference in blood glucose between groups may have been insufficient to affect AGE accumulation.
Limitations. End breakage in the mechanical test is probably the result of stress concentration close to the clamps and cannot be completely avoided even with the best gripping techniques (42) . In the present study, end breakage was observed in 50% of the fascicles equally distributed between the groups, and this was associated with decreased maximal strain and failure energy density. Premature failure due to stress concentration would likely increase the variation in plateau and failure region mechanical properties, making it more difficult to detect any difference between the groups.
In conclusion, in the present study, ApoE Ϫ/Ϫ deficiency resulted in higher stiffness of tail tendons, which did not correlate with cholesterol. We unexpectedly found lower AGE levels in tail tendons of animals on a HFD, which may be explained by significantly lower AGE content in the diet itself. The hypothesized relation between AGE accumulation and tendon mechanical properties was inconclusive, but the tendons of HFD mice were markedly more compliant than the tendons of ND mice. These alterations of non-weight-bearing tendon mechanical properties may explain how metabolic deterioration can serve as an independent cause of systemic tendon pathology.
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